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A B S T R A C T
To investigate the magnitude to which the carbon isotopic ratio (δ13C) varies in coals in response to their
contemporary terrestrial environment, the Early-Middle Permian Huainan coals (including coals from the Shanxi
Formation, Lower Shihezi Formation and Upper Shihezi Formation) in North China were systematically sampled.
A 2.5‰ variation range of δ13C values (−25.15‰ to −22.65‰) was observed in Huainan coals, with an
average value of −24.06‰. As coal diagenesis exerts little inﬂuence on carbon isotope fractionation, δ13C
values in coals were mainly imparted by those of coal-forming ﬂora assemblages which were linked to the
contemporary climate. The δ13C values in coals from the Shanxi and Lower Shihezi Formations are variable,
reﬂecting unstable climatic oscillations. Heavy carbon isotope is enriched in coals of the Capitanian Upper
Shihezi Formation, implying a shift to high positive δ13C values of coeval atmospheric CO2. Notably, our study
provides evidence of the Kamura event in the terrestrial environment for the ﬁrst time.
1. Introduction
Geochemical and physical characteristics of coal deposits could
provide important information concerning palaeo-environmental and
palaeo-climatic changes that occurred between the initiation and ter-
mination of a coal seam. Among those, the stable carbon isotopic ratio
(δ13C) of coals is a robust tracer to reﬂect local, regional and even
global carbon cycle in the Earth’s history (Jones et al., 1997; Lücke
et al., 1999; Bechtel et al., 2003a; Chen et al., 2014). The δ13C values of
coals have been successfully applied to the study of the terrestrial en-
vironment during the Cenozoic (Jones et al., 1997; Lücke et al., 1999;
Bechtel et al., 2007; Holdgate et al., 2007, 2009; Chen et al., 2014). The
climatic parameters derived from coal δ13C values agree well with those
of co-located other geological records. However, there are only limited
carbon-isotopic data for Permian coals (Faure et al., 1995; Singh et al.,
2012).
During the Permian, North China had a prosperous biological
community and a preferably depositional environment for coal accu-
mulation due to the wide expansion of C3 plants. Therefore, multiple
layers of coal seams with diﬀerent thickness were deposited. This paper
reports δ13C values for Early-Middle Permian coals in the Huainan
coalﬁeld, eastern China, and highlights their implication for palaeo-
climatic change.
2. Geological setting
The Huainan coalﬁeld is located in northern Anhui province, China.
The coalﬁeld has an elongated outline with a length of 180 km and a
width of 15–25 km, and covers an area of 3200 km2 and contains coal
reserves of approximately 44,000Mt (Sun et al., 2010). At present,
there are sixteen mines under construction or production (Fig. 1).
2.1. Coal-bearing strata
Within the coalﬁeld, multiple coal seams were accumulated during
the Permian, comprising the Shanxi Formation (52–88m), the Lower
Shihezi Formation (106–265m) and the Upper Shihezi Formation
(316–566m). Along the sequence upward, the coal seams are numbered
in an ascending order. Laterally, one seam could have sub-seams due to
splitting and pinch-out. The detailed stratigraphic and lithological
characteristics of the coal-bearing strata are shown in Fig. 2.
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2.2. Age framework
The stratigraphic correlation of Permian terrestrial sequences in
North China with the IUGS Global Chronostratigraphy is problematic
due to lacking of high-resolution biostratigraphy and sedimentary ages.
Here, we adopt a relatively accurate age framework presented by Wang
(2010), which is constructed by compiling all available data for plant
macrofossil assemblages and sporopollen assemblages, to discuss the
palaeo-climatic changes during deposition of the studied Permian coals
(Fig. 3).
3. Samples and methods
3.1. Sample collection
A total of 135 coal samples were sampled from three coal mines:
Zhangji Mine (n=39), Dingji Mine (n=53) and Zhuji Mine (n=43).
These samples cover 15 coal seams (Nos. 1, 3, 4-1, 4-2, 5-1, 5-2, 6, 7-1,
7-2, 8-9, 11-1, 11-2, 13-1 and 13-2) in the Permian coal-bearing se-
quences of the Huainan coalﬁeld. All these coal samples were sampled
from non-magmatic intrusion areas to rule out magmatic inﬂuences.
Each sample represents a mixture of up, middle and low benches of
individual coal seams (Supplementary Table 1).
3.2. Preparation and analysis
The bulk coal samples were dried at room temperature and ground
to pass a 120-mesh sieve to obtain homogeneous particles. High
Temperature Burning Oxidation method was used for determination of
organic carbon isotopic ratio of coals (Cao et al., 2005). Brieﬂy, powder
coal aliquots were ﬁrstly treated with excessive HCl (2M) for 24 h at
room temperature to remove inorganic carbonate and soluble organic
carbon, and then were washed to neutral with Millipore water before
drying at 40 °C. An airtight silica tube containing approximately 0.3 g of
prepared coal sample and copper oxide, copper and platinum wire was
vacuumized and combusted for 4 h at 850 °C to produce CO2 that was
subsequently isolated and puriﬁed by an alcohol-liquid nitrogen cold
trap under vacuum system. The trapped CO2 was measured for 13C/12C
value using an isotope ratio mass spectrometer (MAT-252 at Institute of
Earth Environment, CAS, China), and the results are expressed in delta
(δ) notation relative to the V-PDB standard:
= − ×δ C(‰) (Rsa/Rst 1) 100013
where Rsa is 13C/12C value of the measured coal sample, and Rst is
13C/12C value of the VPDB standard. All samples were measured in
triplicate. International isotopic standards USGS24 (graphite,
δ13C=−16.049‰) and LSVEC (lithium carbonate, δ13C=−46.6‰)
were used to qualify the analytical uncertainty of δ13C which is typi-
cally within± 0.1‰.
4. Results and discussion
4.1. Carbon isotopic ratio of coals in the Huainan coalﬁeld
The δ13C of Huainan Permian coals exhibited a range from
−25.15‰ to −22.65‰, with an average value of −24.06‰. The
observed δ13C values are generally comparable to those of coals de-
posited in other coal-forming periods. For example, the δ13C values of
Eocene-Miocene coals in southeast Australia ranged from −27.7‰ to
−23.2‰ (Holdgate et al., 2009). In the upper Miocene lignite deposit,
Austria, the δ13C values of lignite varied from −27.2‰ to −24.6‰
(Bechtel et al., 2007). The Middle Miocene brown coals from Germany
showed more depleted δ13C values, ranging from−26.7‰ to−25.2‰
(Lücke et al., 1999). Recently, Singh et al. (2012) reported that the
mean δ13C value in Indian Permian coals was −22.58 ± 0.20‰. Van
de Wetering et al. (2013) showed that δ13C values in Australian coals
ranged from −26.6‰ to −21.9‰ in the Late Permian, and from
−25.2‰ and −20.9‰ in the Late Jurassic (Hentschel et al., 2016).
Therefore, the δ13C values of studied coals lied within the typical var-
iation range for global coals (Suto and Kawashima, 2016).
4.2. Variations of carbon isotopic ratio among diﬀerent mines
There was little diﬀerence in δ13C among the investigated three
mines. The mean δ13C value in samples from the Zhangji Mine, Dingji
Mine and Zhuji Mine were −23.97‰, −24.02‰ and −24.18‰, re-
spectively (Supplementary Table 2). Speciﬁcally, for the individual coal
seams, their δ13C values in diﬀerent mines were quite similar (Table 1
and Fig. 4). However, the coal sample number in diﬀerent mines and
each coal seam was not even allocated, due to the working diﬃculty
during sample collection.
Slight diﬀerence in δ13C was seen between the split coal seams.
Table 1 and Fig. 4c shows δ13C values in split coal seams 7-1 and 7-2 of
the Lower Shihezi Formation from the three mines. For the 7-2 coal
seam, δ13C values of coals from the Zhangji Mine and Dingji Mine were
slightly higher compared with the Zhuji Mine. In contrast, δ13C value of
Fig. 1. Location map of the Huainan coalﬁeld (modiﬁed from Sun et al. (2010)).
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the 7-1 coal seam was lower in the Zhangji Mine than those in other
mines.
Previous sedimentological studies by Lan (1984, 1989) indicated
that the Lower Shihezi Formation coals in the Huainan coalﬁeld were
deposited in a lower delta plain, aﬀected occasionally by seawater in-
cursion. However, by studying the Xinji area near the Zhangji Mine
(Fig. 1b), Zhu (1989) suggested that the split 7-1 and 7-2 coal seams in
Lower Shihezi Formation were deposited in an upper deltaic plain en-
vironment. The isotopic distinction between the 7-1 and 7-2 coals in the
three mines might be attributed to the variation of depositional en-
vironments. The variation of depositional environments could inﬂuence
the extent of microbial activity, while the microbial activity likely
modiﬁes the isotopic compositions of primary organic matter by bio-
logical degradation (Imbus et al., 1992). Bechtel et al. (2003b) reported
that the depleted 13C in the Pliocene lignite of Slovenia was attributed
to the eﬀect of bacterial activity.
4.3. Vertical variations of carbon isotopic ratio in the Huainan coalﬁeld
4.3.1. Variation characteristics of carbon isotopic ratio
To reﬂect the vertical variation trend of Huainan coal seams (Fig. 3),
coal samples from each coal seam were averaged for δ13C values
(δ13Cave). Our data showed a pronounced positive shift of δ13Cave values
in the lower part of the Upper Shihezi coals (chronologically corre-
sponding to the Capitanian). In comparison, the δ13Cave ﬂuctuated
around −24.20 ± 0.28‰ with a less variation within the Shanxi and
Lower Shihezi coals (from the Artinskian to the Wordian).
4.3.2. Interpretation of carbon isotopic ratio
Three potential factors are thought to inﬂuence the variation
characteristics of carbon isotopic ratio along the coal seams in the
Huainan coalﬁeld.
The ﬁrst factor is coaliﬁcation. Previous studies indicated that
coaliﬁcation is lacked of carbon isotope shift due to small amounts of
carbon lost (Chen et al., 2014). Using the Rayleigh isotopic fractiona-
tion diagram, Whiticar (1996) showed the eﬀect of coaliﬁcation on the
carbon isotope values of coals is little or insigniﬁcant. The sampled coal
samples in our study have a similar rank (Sun et al., 2010; Chen et al.,
2011), suggesting that the eﬀect of coaliﬁcation on the δ13C values of
Huainan coals was likely negligible.
The second factor is peatiﬁcation. The inﬂuence of peatiﬁcation,
which mainly relates to biochemical processes, also only slightly
modiﬁes the δ13C values of coals (Imbus et al., 1992; Schleser et al.,
1999). The coals in the Huainan coalﬁeld were mainly deposited under
a deltaic coastal plain environment (Sun et al., 2010; Chen et al., 2011).
It appears that the large variation of carbon isotopic ratios of the stu-
died coals cannot be reasonably explained by the change of sedimen-
tary environments. However, the variation of depositional environ-
ments might exert a small inﬂuence on the δ13C values of the split coals,
as discussed in Section 4.2.
The third important factor is the carbon isotopic values of the coal-
forming plants, which reﬂects the changes of climate, such as the
concentration and carbon isotopic values of atmospheric CO2 and hu-
midity. Thus, coal-forming plants could record climate secular changes.
We can therefore assume that the vertical variation of δ13C values re-
corded in the coal seams possibly reﬂected contemporary climatic
changes.
4.3.3. Implications for palaeo-climate
As stated above, our carbon isotope records of the Huainan coals
mainly represent secular change of climate during the Artinskian to the
Capitanian (Early-Middle Permian).
The slight ﬂuctuation of δ13Cave values in the coal seams during the
Artinskian to the Wordian (mean value=−24.20 ± 0.28‰) is pos-
sibly controlled by transient environmental variations, despite the
stable warm and humid climate in this region (Zhang et al., 1999). This
is consistent with the palynological data that showed that the ﬂora
assemblages of the Lower Shihezi Formation are basically similar to
those of the Shanxi Formation (Wang, 1986). Nevertheless, a notable
increase (ca. 1‰ excursion) of δ13Cave values was observed in the coal
seams around the Capitanian (mean value=−23.23 ± 0.03‰).
Farquhar et al. (1989) proposed an equation for determined the
δ13C values of C3 plants (δ13Cplant), which is the only type of the Per-
mian coal-forming plant, expressed as
= − − − ×δ C δ C a b a p p‰ ‰ ( ) ( / ),plant CO i a13 13 2
where δ13CCO2 is the carbon isotope ratio of atmospheric CO2, a is the
fractionation occurring due to diﬀusion in air (4.4‰), b is the net
fractionation caused by carboxylation (27‰) and pi and pa are the in-
tercellular and ambient partial pressure of CO2, respectively. Based on
this equation, the primary factor inﬂuence the δ13C values of coal-
forming plants is the carbon isotope ratio of atmospheric CO2. Arens
Fig. 2. Generalized stratigraphic column and lithological characteristics of coal-bearing
strata in the Huainan coalﬁeld, Anhui, China (modiﬁed from Chen et al. (2011)).
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et al. (2000) compiled a large database of the carbon isotope ratio of
modern plants and estimated and measured CO2 concentrations as well
as the carbon isotope ratio of CO2. They demonstrated that the majority
(ca. 90%) of δ13C variation observed in plants can be explained by a
change in δ13C values of CO2 rather than CO2 concentration. Thus, the
δ13C values of coal-forming plants were mainly aﬀected by the δ13C
values of atmospheric CO2 rather than the CO2 concentration.
The δ13C values of atmospheric CO2 are well correlated with the
δ13C values of dissolved carbonate from which the marine carbonates
were produced. According to the compilation by Korte et al. (2005),
most of the previously reported data of δ13C values of carbonate
(δ13Ccarb) in the Permian show moderately values of ca. +4‰ (Fig. 3).
However, Isozaki et al. (2007a, 2007b, 2011) reported a more positive
plateau in δ13Ccarb (ca. +5.5‰) (Fig. 3) recorded globally in the Ca-
pitanian (Upper Guadalupian) marine carbonate. This signal was
denoted as the “Kamura event” by Isozaki et al. (2007b), which may
reﬂect the ﬁrst phase of the Permian global mass extinction (the Gua-
dalupian mass extinction). It is implied that the δ13C values of atmo-
spheric CO2 at the Capitanian Kamura event should be higher than
those before and after the Kamura event. Therefore, the increase in
atmospheric 13C during this period can contribute to the remarkable
positive excursion of δ13C values in the Capitanian coals. Accordingly,
we infer that the Kamura event preserved in the δ13C values of marine
carbonates might also be mirrored in the δ13C values of the con-
temporary coal seams.
It is interesting to note that the magnitude of the carbon isotopic
shift in terrestrial coal seams (ca. 1‰) is less than that in marine re-
cords (ca. 1.5‰) (Fig. 3). Thus, other signiﬁcant factors must be con-
sidered for explaining this lessened shift. In general, the δ13C values of
C3 plants should increase when the isotopic fractionation between
Fig. 3. The correlation of Permian terrestrial sequences in North China with the IUGS Global Chronostratigraphy, following the usage of Wang (2010). Schematic diagram showing the
vertical variation of δ13C values in the Huainan coalﬁeld coal seams, the Kamura event with high positive δ13Ccarb values modiﬁed from Isozaki et al. (2007b), and the composite Permian
secular curve of δ13Ccarb values modiﬁed from Korte et al. (2005).
Table 1
Summary of δ13C values (mean ± 1SD) in diﬀerent coal seams of the studied three mines from the Huainan coalﬁeld.
Coal seam Zhangji Dingji Zhuji Huainan coalﬁeld
1 −24.17 ± 0.11(2) −24.01 ± 0.09(4) – −24.06 ± 0.12(6)
3 – −24.59 ± 0.38(5) −24.56 ± 0.00(1) −24.59 ± 0.34(6)
4-1 −24.28 ± 0.25(6) −24.01 ± 0.21(6) −24.09 ± 0.38(6) −24.13 ± 0.31(18)
4-2 −24.41 ± 0.00(1) −24.12 ± 0.51(6) −24.18 ± 0.35(6) −24.17 ± 0.43(13)
5-1 – −24.90 ± 0.32(5) −24.46 ± 0.01(2) −24.77 ± 0.34(7)
5-2 – −24.07 ± 0.64(3) −24.48 ± 0.31(4) −24.30 ± 0.52(7)
6 −24.36 ± 0.36(3) – −24.23 ± 0.33(4) −24.29 ± 0.35(7)
7-1 −24.50 ± 0.22(4) −23.96 ± 0.00(1) −24.06 ± 0.00(1) −24.34 ± 0.29(6)
7-2 −23.77 ± 0.29(4) −23.59 ± 0.23(6) −24.28 ± 0.24(3) −23.80 ± 0.37(13)
8 −23.73 ± 0.17(6) −23.90 ± 0.25(5) −23.77 ± 0.36(6) −23.79 ± 0.28(17)
9 −23.91 ± 0.26(4) – – −23.91 ± 0.26(4)
11-1 – – −24.19 ± 0.43(7) −24.19 ± 0.43(7)
11-2 −24.37 ± 0.20(3) −24.38 ± 0.31(4) −24.39 ± 0.27(3) −24.38 ± 0.27(10)
13-1 −23.17 ± 0.37(6) −23.28 ± 0.41(4) – −23.21 ± 0.39(10)
13-2 – −23.25 ± 0.21(4) – −23.25 ± 0.21(4)
–: Not available. The sample number in the parentheses is followed by the mean value.
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atmospheric CO2 and plant organic matter decreases. The δ13C values of
atmospheric CO2 increased by ca. 1.5‰ between the Wordian and
Capitanian, whereas those of the coals increased by ca. 1.0‰. In this
sense, the increasing isotopic fractionation between atmospheric CO2
and plant organic matter may be required for the lessened carbon iso-
topic shift in the coals. Obviously negative correlation between δ13C
values of C3 plants and humidity has been reported (Ménot and Burns,
2001; Gebrekirstos et al., 2009; Kohn, 2010), suggesting a humid cli-
mate during the Capitanian period.
In addition, the preservation selectivity of plant organic matters
may contribute signiﬁcantly to the lessened carbon isotopic shift. The
resistance to degradation of organic components in plant is diﬀerent.
The components in order of preservation potential in sedimentary
rocks, from highest to lowest, are lignin, lipids, cellulose, proteins and
Fig. 4. Comparison of δ13C values among diﬀerent coal seams of the studied three mines from the Huainan coalﬁeld.
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carbohydrate (Gröcke, 2002). Generally, relative to the bulk plant, the
lignin and lipids are depleted in 13C (Benner et al., 1987; Tieszen, 1991;
Schleser et al. 1999) and the cellulose and carbohydrates are enriched
in 13C (Hedges et al., 1985). Therefore, the components of plant being
preserved have a strong eﬀect on δ13C values of coals. Previous studies
indicated that abundant lignin were preserved in the plant materials
from the Palaeozoic (Logan and Thomas, 1987), and the fossil plants
are 13C-depleted compared with modern plants due to the preferential
loss of carbohydrates (Benner et al., 1987; Spiker and Hatcher, 1987;
Meyers et al., 1995). The weakened positive carbon isotopic shift in
terrestrial coal seams relative to marine records could also be ascribed
to the loss of 13C-enriched plant organic matters, or the preferential
preservation of 13C-depleted organic matters during coal formation.
The latter process may occur easier, because the low temperature oc-
curred in the Kamura interval could enhance the preservation of plant
organic matters.
5. Conclusions
The δ13C values of the Early-Middle Permian coals from the
Huainan coalﬁeld, mainly reﬂect the climatic changes that occurred
before the Permian mass extinction. Multiple environmental and cli-
matic factors inﬂuencing the δ13C values of coals have been considered
to interpret our data. The carbon isotopic values of coals in Huainan
were dominantly controlled by carbon isotopic values of atmospheric
CO2 and the climatic parameters. For the Upper Shihezi coals (corre-
sponding to the Capitanian), positive excursion of δ13C values are likely
ascribed to the high δ13C values of atmospheric CO2 of the Kamura
event. The record of Kamura event in the terrestrial (coal swamp) and
marine environments strengthens a global climatic equality between
ocean and terrene. The results of this study provide an insight into the
global consistency of palaeo-climatic changes. The δ13C of coals also
potentially serves as an important tool in future research for the inter-
correlation between oceanic and terrestrial systems.
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